This paper presents analytical and experimental studies on the axial load-bending moment behavior of glass fiber-reinforced polymer (GFRP) bars and helices RC columns. The nominal axial load and bending moment of the columns were analyzed based on the stress-strain behavior of the cross-sectional components. A numerical integration method was used to determine the compressive force of concrete in the compression region. The analytical results were verified with experimental results of 12 circular specimens reinforced with GFRP bars and GFRP helices. Out of these 12 specimens, eight specimens were taken from available literature and four specimens were tested in this study. The influences of different parameters such as loading conditions, spacing of the GFRP helices, and wrapping the specimens with carbon fiber-reinforced polymer (CFRP) sheets on the behavior of GFRP-RC specimens were investigated. A parametric study was also carried out to investigate the effects of longitudinal and transverse GFRP reinforcement ratio and slenderness ratio on the axial load-bending moment diagrams of GFRP-RC columns. It was found that the slenderness effect is more pronounced on the confined cross sections under eccentric loads at the ultimate state condition. found that the slenderness effect is more pronounced on the confined cross-sections under 25 eccentric loads at the ultimate state condition.
Introduction

29
Fiber Reinforced Polymer (FRP) bar is considered as a viable alternative to steel reinforcing behavior of square and circular concrete columns under concentric loads (De Luca et al. 2010, 43 Tobbi et al. 2012 , Afifi et al. 2014 , Mohamed et al. 2014 , Karim et al. 2015 . It was reported 44 that the load carrying capacity of the GFRP-RC columns is about 13 to 16% smaller than the 45 load carrying capacity of the corresponding steel-RC columns. Also, the contribution of the 46 columns compared to the contribution of 12% to 16% for the same amount of longitudinal 48 steel bars.
Experimental studies on the behavior of FRP-RC columns under eccentric loads are limited.
51
Amer et al. (1996) tested eight rectangular concrete columns reinforced with CFRP bars and 52 steel ties under different eccentric loads. They observed that the calculated failure loads for 53 the columns under eccentric loads were higher than the measured failure loads. However, the 54 calculated and measured failure moments were in close agreement. Mirmiran et al. (2001) 55 conducted a parametric study on the slenderness effect of FRP-RC columns and suggested to under different load conditions. Hadi et al. (2016) reported that GFRP-RC columns 63 sometimes achieve two peak loads corresponding to the unconfined cross-section (concrete 64 core and cover) and confined concrete core (concrete cover was considered to have spalled where is the inner radius of the helices and is the ultimate tensile strength of the GFRP in Fig. 1 were considered, where is the ratio of maximum tensile strain of the GFRP bars in the 161 tension side to the ultimate compressive strain in the extreme fiber in the compression side. In 162 this study, compression strain, stress and force are considered as positive and tensile strain,
163
stress and force are considered as negative. From Fig. 2(a, b) , by similar triangles, the depth 164 of neutral axis and strain in each of the GFRP bars can be calculated as:
where is the distance between the center of the GFRP bar to the extreme compression 166 fiber in the compression side, is the ultimate concrete compressive strain which is equal to 167 0.003 in the first peak load and equal to in the second peak load. Also, the forces in each 168 of the GFRP bars and the compression force in concrete in the compression side 169 can be determined as:
where and are the strain and the cross-sectional area of the GFRP bar, respectively,
171
and is the concrete stress which is considered as unconfined concrete stress (Eq. 1) for the 172 first peak load and considered as confined concrete stress (Eq. 5) for the second peak load.
173
Numerical integration method was used to solve Eq. (19). The cross-section of the specimen 174 was divided into number of strips which are small enough to obtain accurate results as 175 shown in Fig. 1 . The average width and strain of each strip can be calculated as:
where is the average width of the concrete strip, is the radius of the concrete cross-177 section which is equal to 2 ⁄ for the first peak load and equal to 2 ⁄ for the second peak load, is the average strain for the concrete strip, and is the depth of the strips which is 
Experimental Program
193
The experimental part of this study consisted of testing three groups of GFRP-RC specimens.
194
The full descriptions of specimens in the first (G6-G60) and the second (G6-G30) groups can 195 be found in Hadi et al. (2016) . All the specimens were 205 mm in diameter and 800 mm in height. The reinforcements of specimens in the third group (CG6-G60) were the same as the 197 specimens in Group G6-G60 (Table 1) . However, specimens of the third group (CG6-G60) Table 1 . 
251
The experimental results are reported in Tables 2-4 GFRP helices and the CFRP sheets, respectively. This difference is due to the fact that the 259 concrete core in the case of the GFRP helices was not fully confined. Therefore, a lesser ratio of the GFRP ultimate strain was utilised by the dilation of the concrete core. In addition, the 261 ultimate tensile strain of the GFRP helices was about two times of the CFRP sheet.
263
Based on the axial load-deformation behavior of the GFRP-RC specimens, two sets of the 264 peak diagrams were drawn for the GFRP-RC specimens corresponding to the first 265 and the second peak loads. The experimental peak diagrams were drawn based on 266 four points which were concentric, 25 mm eccentric, 50 mm eccentric and flexural loadings.
267
The experimental bending moments at the mid-height of the column specimens under 268 eccentric loads were calculated as:
where and are the bending moment and lateral deformation, respectively, 270 corresponding to the first peak load , and are the bending moment and lateral 271 deformation, respectively, corresponding to the second peak load , and is the applied 272 initial load eccentricity at the ends of the column specimens. The experimental bending 273 moments at mid-span of the beam specimens were calculated as:
where is the shear span length, or the distance between the support and the closer loading the first group (G6-G60) were employed as reference for the parametric study. 
Longitudinal reinforcement ratio
313
The effect of longitudinal reinforcement ratio on the first and the second peak * * 314 diagrams was investigated using the analytical models presented in Section "Analytical peak Figure 8 (a, b) shows the effects of changing on the peak * * diagrams.
317
Increasing led to increasing the strength capacity of the specimens in the first and the 318 second peak * * diagrams. The strength improvements due to increasing were more 319 pronounced in the second peak * * diagram. This is because the strain distribution
320
(compression and tension) in the cross-sections in the second peak load (confined cross-321 section) was much greater than that in the first peak load (unconfined cross-section). It was 322 observed that reducing resulted in a great tensile strain in the tension side of the GFRP-RC 323 cross-sections with increasing load-eccentricity, particularly in the flexural loading condition.
324
It can be noticed that insufficient sometimes leads to a brittle tensile failure of the FRP 325 bars before the peak * * diagrams reach to the pure bending condition. This 
Confinement ratio
331
It is clear that confinement ratio ⁄ does not affect the first peak * * diagram, as 332 the concrete cross-section considered unconfined concrete. Figure 9 shows the effects of four Modified Confinement Ratio (MCR) to limit minimum ⁄ for externally bonded FRP. Figure 10 shows the comparison between the first and the second peak 
Slenderness ratio
360
The slenderness ratio ⁄ of a RC column is defined as the ratio of effective length 361 to radius of gyration . Figure 11 shows the effect of ⁄ on the peak Considering to the specimens in Group G6-G60, which are pin-ended columns and bend in a 370 single curvature, the is at the mid-height of the columns. The deformed shape can be 371 assumed to be a half-sine wave as explained in Bazant et al. 1991, Jiang and Teng 2013 and 372 shown in Fig. 12 . Hence, the can be calculated as:
where is the height of the columns and is the curvature at mid-height of the columns.
374 Figure 13 (a, b) shows the effect of ⁄ on the first and the second peak * * diagrams 375 of the specimens in Group G6-G60. It is evident that the effect of ⁄ was more pronounced 376 in the second peak * * diagram because of greater secondary bending moments 377 corresponding to the second peak loads.
379
The parameters affecting ⁄ for the specimens in Group G6-G60 can be investigated by columns bend in a single curvature, the maximum limit for ⁄ can be expressed as:
where is the ratio of distance between FRP bars in the tension side to FRP bars in the 387 compression side to 2 as shown in Fig. 12 , and and are the ultimate concrete 388 compressive strain in the extreme compression fiber and maximum tensile strain in the first 389 layer of the GFRP bars in the tension side, respectively, (Fig. 1) increasing ⁄ and result in reducing the maximum limit of ⁄ . Consequently, it can be 401 observed that the maximum limit of ⁄ reduces from 18.7 (corresponding to the first peak 402 load) to 13.6 (corresponding to the second peak load) for the reference GFRP-RC specimens.
403
In addition, more details on the moment magnification factor accounting for the second-order 
